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ABSTRACT Molecular orientation in a hydrated monolayer film of yeast cytochrome c, immobilized via disulfide bonding
between Cys-102 and a pyridyl disulfide-capped phospholipid bilayer deposited from an air-water interface onto glass
substrates, was investigated. The orientation distribution of the heme groups in the protein film was determined using a
combination of absorption linear dichroism, measured in a planarintegrated optical waveguide-attenuated total reflection
geometry- and fluorescence anisotropy, measured in a total internal reflection geometry. A gaussian model for the orientation
distribution was used to recover the mean heme tilt angle and angular distribution about the mean, which were 40 and 11°,
respectively. Additional experiments showed that a large fraction of the cytochrome c was disulfide bonded to the bilayer,
which correlates with the high degree of macroscopic order in the protein film. However, a subpopulation of yeast cytochrome
c molecules in the film (30% of the total) appeared to be nonspecifically adsorbed. The orientation distribution of this
subpopulation was found to be much broader than the specifically bound fraction.
INTRODUCTION
Immobilization of protein film assemblies on solid sub-
strates is of widespread interest because they are a key
component in molecular devices such as biosensors (Swalen
et al., 1987; Arnold and Meyerhoff, 1988) and affinity-
based chromatographic supports (Hage and Kao, 1991; De
Ruiter, 1992). In general, the ligand binding site(s) com-
prises a relatively small fraction of the total surface area of
a protein. As a result, the active site of a protein molecule,
when immobilized on a solid support, can be sterically
inaccessible to a dissolved ligand, impairing the bioactivity
of the protein. Observed differences in surface activity and
bioactivity among protein-surface combinations have fre-
quently been attributed to differences in molecular orienta-
tion (Darst et al., 1988; Tarlov and Bowden, 1991; Hamachi
et al., 1991; Mu¨ller et al., 1993; Cullison et al., 1994).
Consequently, the development of methodologies to attach
a protein via a structurally unique site to a functionalized
surface to produce a geometrically defined orientation has
been a focus of considerable research efforts in recent years
(Blankenburg et al., 1989; Pachence and Blasie, 1991;
Fraaije et al., 1990; Timbs and Thompson, 1990; Song et al.,
1993, Prokop et al., 1995; Mrksich et al., 1995; Firestone et
al., 1996).
In order to assess the results of immobilization method-
ologies, analytical techniques must be available to measure
the surface coverage, orientation distribution, conforma-
tional distribution, and biological activity of noncrystalline
protein assemblies. Orientation has received little attention
due to the technical difficulty of measuring this parameter in
a monolayer or less of protein located at a solid-liquid
interface. Recently, we reported a method based on a com-
bination of two techniques, absorbance linear dichroism
measured in a planar integrated optical waveguide-attenu-
ated total reflection (IOW-ATR) geometry and emission
anisotropy measured in a total internal reflection fluores-
cence (TIRF) geometry, to determine the orientation distri-
bution of porphyrin groups in an immobilized heme protein
film (Edmiston et al., 1997). From these measurements, the
mean heme tilt angle and angular distribution about the
mean are calculated by modeling the distribution as a gaus-
sian function. The theory and initial application of the
IOW-ATR  TIRF technique are described elsewhere (Ed-
miston et al., 1997).
The use of a unique cysteine to covalently anchor a heme
protein in a site-directed manner to a modified surface has
been reported elsewhere (Pachence et al., 1990, Firestone et
al., 1996). Martin et al. (1981) used this approach to co-
valently bond antibody Fab fragments to liposomes for the
purposes of drug delivery. The first orientation distribution
measurements on protein films immobilized via a cysteine-
directed chemistry were recently reported from this labora-
tory (Wood et al., 1997). In this work we use the IOW-
ATR  TIRF technique to determine the molecular
orientation distribution of wild type yeast iso-1-cytochrome
c immobilized on a pyridyl disulfide-capped, phospholipid
bilayer (Fig. 1) deposited on a planar support by the Lang-
muir-Blodgett (LB) method. Immobilization of the protein
is accomplished by forming a disulfide bond between the
single reduced cysteine at position 102 and the pyridyl
disulfide reactive group. The results show that a majority of
the cytochrome c molecules in a film produced by this
site-directed methodology are covalently bound, resulting in
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a narrow orientation distribution (i.e., a macroscopically
ordered film).
MATERIALS AND METHODS
Protein solutions
Yeast cytochrome c (Sigma, St. Louis, MO, Type I) from Saccharomyces
cerevisiae was dissolved in 50 mM citrate buffer, pH 6.0, containing 100
mM KCl (citrate buffer). A molar excess of dithiothreitol (DTT, Sigma,
99%) was added to reduce the protein to ferrocytochrome c (cyt c) and
eliminate protein dimers. Excess DTT was removed by purification on a
Sephadex G-25 column, and the concentration of the cyt c stock solution
was measured using absorbance spectrometry (408  96,000 M1 cm1).
These solutions were used immediately after preparation.
The iron complexed in the heme of native cyt c effectively quenches
porphyrin fluorescence. To perform anisotropy measurements, the iron was
replaced with zinc to yield a fluorescent, zinc-substituted cyt c (Zn-cyt c).
Zn-cyt c was prepared as described previously (Edmiston et al., 1997) by
first removing the native iron (Robinson and Kamen, 1968). The only
modification of this procedure was that the final dialysis of Zn-cyt c was
performed against citrate buffer. This modification was used because
precipitation of the protein was occasionally observed at pH 7. The
concentration of Zn-cyt c solutions was determined by absorbance spec-
trometry using 420  112,000 M1 cm1. (The molar absorptivity was
measured by two independent methods. In the first, a direct measurement
was performed after lyophilizing the protein from deionized water. In the
second, a standard bicinchoninic acid protein assay (Smith et al., 1985) was
performed. Both measurements yielded the same result.) Just prior to use,
stock solutions of Zn-cyt c were treated with excess DTT and purified on
a Sephadex G-25 column to eliminate protein dimers that may have formed
during storage. Solutions were used immediately after purification.
Langmuir-Blodgett film deposition
LB deposition of phospholipid bilayers was carried out with some modi-
fications of the procedure described by Tamm and McConnell (1985).
Fused quartz slides (2.5 cm 7.5 cm 1 mm thick, Heraeus, Duluth, GA)
were used as substrates for TIRF anisotropy measurements. Silica-titania
waveguides fabricated by a sol-gel dip-coating process (Yang et al., 1994)
were used as substrates for IOW-ATR linear dichroism experiments. All
substrates were cleaned prior to deposition by soaking in an 80°C chromic
acid bath for 30 min, rinsing with deionized water (type 1 reagent grade),
scrubbing lightly with a cotton pad in 0.1% PCC-54 surfactant (Pierce,
Rockford, IL), and again rinsing with deionized water. The substrates were
blown dry with N2 prior to use.
A spreading solution consisting of a 1:8 molar ratio of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)propionate]
(DOPE-PDS, Avanti, Alabaster, AL) and 1,2-di[cis-9-octadecenoyl]-sn-
glycero-3-phosphocholine (DOPC, Sigma, 99%) was prepared in chloro-
form (HPLC grade, Aldrich, Milwaukee, WI, 99.9%) at a total lipid
concentration of 3 mg/ml. Structures of these lipids are shown in Fig. 2.
The 1:8 molar ratio of DOPE-PDS:DOPC was selected based on: 1) a
surface area per lipid molecule of 65 Å2 (as determined by a surface
area-pressure isotherm; see below), which corresponds to one DOPE-PDS
molecule per 585 Å2 and 2) a surface coverage of 2.2 1011 mol/cm2 for
a close packed cyt c monolayer (Edmiston et al., 1997), which corresponds
to a projected area of 755 Å2 per protein molecule. Thus, the molar ratio
of cyt c to DOPE-PDS is predicted to be no greater than 0.8.
LB films were deposited using a NIMA Technology Model 611 trough.
Two slides were placed back-to-back, mounted on the dipping mechanism,
and immersed in a subphase of type I deionized water. The use of two
slides allowed for LB film deposition on only one side of each slide.
Sufficient spreading solution was added to the trough surface and the
chloroform was allowed to evaporate. The film was initially compressed to
5 mN/m and allowed to equilibrate for 15–20 min. Compression to the
deposition pressure of 35 mN/m was then performed at a rate of 50
cm2/min, and the film was again allowed to equilibrate for 5 min. Vertical
deposition was performed at a dipping rate of 2 mm/min and a subphase
temperature of 21°C. Transfer ratios between 1 and 1.1 were consistently
measured for the first layer. The second monolayer was deposited in a
horizontal geometry. The pair of slides were remounted on the dipper arm
with the slide plane parallel to the surface of the trough. With the surface
pressure held constant at 35 mN/m, the slides were pushed horizontally
through the surface of the trough at a velocity of 100 mm/min. At this
FIGURE 1 Schematic of the immobilized protein film architecture under
study. A phospholipid bilayer consisting of a 1:8 mol/mol ratio of DOPE-
PDS:DOPC is first deposited onto a bare glass substrate using the Lang-
muir-Blodgett method. Wild type yeast cytochrome c is covalently bound
to the PDS moiety on the lipid bilayer surface via a reduced cysteine at
position 102. Orientation measurements used the heme as an intrinsic
spectroscopic probe. The mean orientation of the heme groups is described
by , which is the tilt angle between film surface normal and the heme
molecular plane. The distribution of tilt angles about the mean is , the
standard deviation of the gaussian distribution function that is assumed to
approximate the true orientation distribution.
FIGURE 2 Pressure area isotherms of for: (A) DOPC and (B) 1:8 DOPE-
PDS:DOPC on a subphase of type 1 deionized water at a temperature of
21°C. The structures of DOPC and DOPE-PDS are also shown.
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point, the lower slide supporting the phospholipid bilayer film was re-
moved from the dipper and transferred to a collection dish placed in the
trough prior to the addition of the subphase. The upper slide, having only
a monolayer phospholipid film deposited from the vertical transfer step,
was discarded. The substrate supporting the phospholipid bilayer was
removed from the trough and mounted in a flow cell without exposure to
air.
To assess the macroscopic uniformity of these films, phospholipid
bilayers consisting of DOPC doped with a 0.7% molar ratio of the fluo-
rescent lipid 1-acyl-2-[12-[(7 nitro-2-1,3-benzoxadiazol-4-yl)amino]do-
decanoyl]-sn-glycero-3-phosphoethanolamine (NBD-PE, Avanti) were
also prepared.
Orientation measurements
IOW-ATR linear dichroism measurements and TIRF anisotropy measure-
ments were performed as described previously (Edmiston et al., 1997).
Orientation measurements were performed on films incubated with either
35 M cyt c (for IOW-ATR) or 35 M 1:5 mol/mol Zn-cyt c:cyt c (for
TIRF). In the latter case, cyt c was used as a diluent to increase the
separation distance between adsorbed Zn-cyt c molecules. The / absorp-
tion bands of ferrocytochrome c do not overlap the Zn-cyt c emission band
centered near 620 nm (Edmiston et al., 1997). Thus, assuming a statistical
arrangement of protein molecules in a packed monolayer, the distance
between Zn-cyt c molecules is sufficient to minimize nonradiative energy,
which could result in depolarized fluorescence emission.
Protein solutions were injected into the flow cell and incubated with the
supported lipid bilayer for a period of 14 h. The time period was chosen to
ensure complete reaction between cyt c and DOPE-PDS based on previous
kinetic experiments (Martin et al., 1981). After 14 h, the protein incubation
solution was flushed from the flow cell using citrate buffer followed by
spectroscopic measurements. Three replicates were performed for both the
linear dichroism and anisotropy experiments. Orientation distributions
were calculated using a gaussian model as described previously (Edmiston
et al., 1997) and reported as a mean and standard deviation (  ).
Protein surface coverage determination
The surface coverage of cyt c immobilized on DOPE-PDS/DOPC bilayers
was determined using a surfactant desorption assay. This procedure was
carried out by first depositing phospholipid bilayers on three 3  2-inch
glass microscope slides using the same deposition procedure described
above. The supported bilayers were transferred without exposure to air to
an incubation cell containing 50 ml of buffer. The buffer solution was then
exchanged for a 35-M 1:4 mol/mol Zn-cyt c:cyt c solution and incubated
under conditions equivalent to those used to form protein films for orien-
tation measurements. After incubation, the slides were rinsed with buffer
and placed in a teflon container containing 12.5 ml of buffer/surfactant
solution (50 mM citrate buffer, pH 6.0, containing 200 mM KCl and 1%
(v/v) Triton X-100). All three slides were placed in this solution to increase
the concentration of desorbed protein. The teflon cell containing the slides
and surfactant solution was sonicated for 10 min to dissolve the bilayers
and associated protein. Essentially quantitative desorption of the protein
via this treatment was confirmed by epifluorescence microscopy.
The amount of desorbed protein was quantitated using an external
calibration curve. A dilution series of Zn-cyt c was prepared using the same
buffer/surfactant solution that was used to remove lipid bilayers and
protein from the slides. The dilution series also contained lipids equal in
composition and concentration to those that comprised the dissolved bi-
layers. The surface coverage was calculated by ratioing the amount of
desorbed protein to the area of the slides, assuming an atomically flat glass
surface and a value of 2.2  1011 mol/cm2 for the surface density of a
close packed cyt c monolayer (Edmiston et al., 1997).
Protein desorption experiments
Protein films were prepared as described above using the 35 M 1:5 Zn cyt
c:cyt c solutions used for fluorescence anisotropy experiments. Two types
of planar bilayers were used as adsorbent surfaces: pure DOPC serving as
a control and 1:8 DOPE-PDS:DOPC. The amount of protein removed from
the surface of phospholipid bilayers by incubation in a variety of desorp-
tion solutions was analyzed using epifluorescence microscopy, as de-
scribed previously (Edmiston et al., 1997). Briefly, after rinsing the protein
film with 50 mM citrate buffer containing 100 mM KCl, an initial mean
emission intensity was obtained by measuring fluorescence from five
widely spaced spots on each film. In subsequent steps, citrate buffer
containing either 200 mM KCl or 10 mM DTT or both was added to the
flow cell, incubated for a prescribed time, and then rinsed with citrate
buffer. The mean emission intensity of the film was measured after each
treatment, ratioed to the initial mean intensity, and reported as a percent-
age. It was assumed that differences in solution composition had no effect
on the molar absorptivity and quantum yield of immobilized Zn-cyt c.
RESULTS AND DISCUSSION
LB film characterization
The pressure area isotherms of pure DOPC and a 1:8 mol/
mol DOPE-PDS:DOPC mixture measured at 21°C are
shown Fig. 2. Both curves depict a single fluid phase. This
is characteristic of DOPC, which has a chain-melting tem-
perature of 22°C. The isotherm of the mixture was nearly
identical in shape to pure DOPC. The slight increase in
area/molecule versus pressure observed for the DOPE-PDS/
DOPC mixture may be due to the bulkier PDS headgroups.
Deposition at 35 mN/m corresponds to mean molecular area
of approximately 65 Å2, a typical value for a fluid, packed
monolayer (Luzzati, 1968; Yue et al., 1976; Tamm and
McConnell, 1985).
To assess the macroscopic uniformity of lipid bilayers, a
small amount of fluorescently labeled lipid (NBD-PE) was
introduced into 1:8 mol/mol DOPE-PDS:DOPC films and
observed using an epifluorescence microscope. The NBD-
PE-doped films were used for characterization purposes
only. Spatially uniform fluorescence was observed at a
magnification of 400, indicating a lack of micron-scale
defects or phase differences within the film structure (Helm
et al., 1987). After incubation overnight with either 2 mg/ml
bovine serum albumin or 10 mM DTT in 50 mM citrate
buffer, NBD-doped bilayers were unaltered as determined
by both visual inspection of uniformity and quantitative
measurements of the emission intensity. Rinsing with buffer
also did not affect uniformity or emission intensity. To
determine whether lateral diffusion was occurring within
the bilayer, a small area was photobleached using epi-
illumination focused with 40 objective for 15 s. Fluores-
cence intensity was then qualitatively observed at lower
magnification; the photobleached hole contracted steadily
until finally disappearing after roughly 30 min. This quali-
tative result is consistent with diffusion coefficients on
the order of 108 cm2/s measured on similar films using
fluorescence recovery after photobleaching (Tamm and Mc-
Connell, 1985).
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Protein film characterization
Zn-cyt c-doped protein films prepared for TIRF anisotropy
measurements were also examined using epifluorescence
microscopy. Emission from protein films appeared spatially
uniform, lacking any macroscopic features. This observa-
tion was confirmed by TIRF measurements; the fluores-
cence emission measured at five widely spaced locations in
each film varied by a maximum of 6% (relative standard
deviation). The surface coverage of cyt c immobilized on
1:8 DOPE-PDS:DOPC films was measured using a surfac-
tant desorption assay. A surface coverage of 2.0  1011
mol/cm2 was obtained. This value corresponds to 0.9 mono-
layer based on a surface coverage of 2.2  1011 mol/cm2
for a close-packed cyt c monolayer (Edmiston et al., 1997),
which assumes that the orientation of the molecules in the
film is geometrically random and no spreading occurs due
to denaturation that might be induced by adsorption.
Orientation measurements
The dichroic ratio () and anisotropy (r) measurements
performed on yeast cyt c films formed on DOPE-PDS:
DOPC lipid bilayers yielded values of 1.13  0.10 and
0.101  0.012, respectively (n  3 for both). From the
mean values, an orientation distribution (  ) of 40 
11 degrees was calculated based on a gaussian distribution
model. The normalized distribution is plotted in Fig. 3. The
molecular geometry is depicted schematically in Fig. 1 in
which   40° is the mean tilt angle between the surface
normal and the heme plane.
It is appropriate to consider the effect of measurement
errors on the calculated orientation distribution. This is
illustrated in a limited manner in Table 1 in which calcu-
lated distributions are listed for a range of values for dich-
roic ratio () and anisotropy (r) within one standard devia-
tion of the respective means of 1.13 and 0.101. This table
demonstrates two points. First, for some pairs of  and r
values, an orientation distribution cannot be calculated be-
cause the values are theoretically inconsistent. This is an
example of the cross-checking nature provided by perform-
ing two individual experiments to arrive at an orientation
distribution (Edmiston et al., 1996); only limited number of
combinations of  and r are theoretically self-consistent.
Second, the calculated orientation distributions do not vary
appreciably within one standard deviation of the mean  and
r values; the narrowest distribution is 42  2° while the
broadest is 42  20°. The distribution calculated from the
mean values, 40  11°, appears to be representative of the
distributions listed in Table 1.
Based on a model of yeast cyt c disulfide bonded to an
extrinsic sulfhydryl group, an orientation distribution cen-
tered about 40° is geometrically reasonable. The Cerius2
software (BioSym/Molecular Simulations Inc., San Diego,
CA) package was used to construct the model that consisted
of a single yeast cyt c molecule covalently bound via
Cys-102 to a planar phospholipid layer composed of 1:8
DOPE-PDS:DOPC with a packing density of 65 Å2/lipid.
Bond lengths, angles, torsions, and inversions were mini-
mized using the software package. Hydrogen bonding and
van der Waals interactions were also minimized using a
DREIDING force field (Mayo et al., 1990). The angle
between the heme plane and the normal axis to the lipid
surface plane in the model was 32°, which agrees reason-
ably well with the experimental value of 40°. However, it is
important to note that since parameters such as solvent
molecules, neighboring cyt c molecules, and electrostatic
terms were omitted, the model does not represent a theo-
retical simulation of the environment that would be experi-
enced by an immobilized cyt c molecule.
Desorption experiments
To assess the types of interactions that immobilize cyt c to
the phospholipid bilayers used here, a series of desorption
experiments was performed. The data (Table 2) reveal that
a disulfide bond is not the sole interaction between cyt c and
the lipid bilayer surface. Approximately 10% of the cyt c
FIGURE 3 Gaussian probability distributions for: (A) yeast cyt c immo-
bilized on pyridyl disulfide-capped phospholipid bilayers;   40° and
  11°. (B) yeast cyt c immobilized on thiol terminated, self-assembled
monolayers (Wood et al., 1997);   67° and   11°.
TABLE 1 Gaussian orientation distributions calculated for
selected combinations of emission anisotropy and dichroic
ratio
Dichroic ratio
Anisotropy
0.082 0.101  0.012* 0.113
1.03 37  10 n/o n/o
1.08 38  6 39  14 42  20
1.13  0.1* 42  2 40  11 41  15
1.18 n/o 41  6 41  11
1.23 n/o n/o 41 7
*Overall measured mean and standard deviation for yeast cyt c bound to
1:8 DOPE-PDS:DOPC planar-supported lipid bilayers.
n/o, not obtainable. The pair of values is physically inconsistent with a
Gaussian orientation distribution of circularly polarized oscillators.
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immobilized on DOPC:DOPE-PDS bilayers was removed
by incubation in buffer containing 200 mM KCl, which
indicates that a small fraction of the protein layer is elec-
trostatically adsorbed. To determine the extent of covalent
bond formation between cyt c and PDS lipids, a 10 mM
solution of DTT was added to the flow cell. About 42% of
the protein was removed by this sequential treatment after
15 min, and 64% was removed during a 24 h incubation,
leaving36% of the protein still immobilized to the bilayer
surface. It was hypothesized that although a disulfide bond
was being cleaved by DTT treatment, an electrostatically
mediated interaction between cyt c and the bilayer pre-
vented desorption. To test for possible secondary electro-
static interactions, desorption experiments were performed
in which protein/DOPE-PDS:DOPC films were treated with
citrate buffer containing both 10 mM DTT and 200 mM
KCl. Only a slightly greater percentage of immobilized
protein was removed by the combined treatment: 59% after
15 min and 68% after 24 h. In summary, the desorption
experiments indicate that in a yeast cyt c film bound to a 1:8
DOPE-PDS:DOPC lipid bilayer, 10% of the molecules
are electrostatically adsorbed, and 60% are covalently
attached via disulfide bonding. The remaining 30% are
bound by unknown interactions; for purposes of additional
discussion, this latter fraction is referred to below as the irre-
versibly bound fraction.
At neutral pH, DOPE-PDS has a charge of 1, whereas
cyt c has a charge of about 8 that is asymmetrically
distributed over the surface of the protein (Brayer and
Murphy, 1996). Thus, the observation of electrostatic ad-
sorption of cyt c to a DOPE-PDS:DOPC bilayer is not
surprising. However, control experiments showed that cyt c
also adsorbed to pure DOPC bilayers and that the extent of
adsorption was substantial. Specifically, the emission inten-
sities of zinc cyt c:cyt c films adsorbed from 35 M protein
solutions on pure DOPC and 1:8 DOPE-PDS:DOPC bilay-
ers were approximately equal. However, in contrast to the
results obtained for the mixed bilayer, 75% of the protein
adsorbed to a pure DOPC bilayer could be removed by
soaking the film in 200 mM KCl for 24 h (Table 2). It is
interesting to note that the remaining fraction (25%) is
similar in magnitude to the irreversibly bound fraction ob-
served with the mixed bilayer. These results show that the
contribution of the DOPE-PDS dopant to nonspecific cyt c
adsorption on mixed bilayers was minimal. This conclusion
is supported by the surface coverage data from which a
molar ratio of DOPE-PDS to immobilized cyt c of 1.4 was
determined. This ratio is too low to support formation of a
multidentate electrostatic interaction between cyt c and the
LB film, which is thought to be the mechanism of strong cyt
c adsorption to polyanionic surfaces (Sankaram and Marsh,
1993; Tarlov and Bowden, 1991; Pachence et al., 1990;
Muga et al., 1991).
The extent of the (apparently) electrostatic interaction
between pure DOPC bilayers and yeast cyt c is somewhat
surprising given the zwitterionic nature of the phosphatidyl-
choline headgroup. In contrast, the adsorptive interaction
between phosphatidylcholine membranes and horse heart
cytochrome c (which is structurally very similar to yeast cyt
c) is weak (Salamon and Tollin, 1996) or nonexistent
(Quinn and Dawson, 1969; Demel et al., 1989; Sankaram
and Marsh, 1993).
The negatively charged glass substrate supporting the
bilayer is one possible cause of an electrostatic attraction
between yeast cyt c and DOPC. The energy of this interac-
tion is a function of the charge density on the substrate
surface and the distance between the substrate and the
protein. A charge density of 0.41 charges/nm2 for silica was
measured in the presence of 1 N NaClO4 at pH 7.0 (Schind-
ler et al., 1976); a similar value was measured for quartz
(Alhmed, 1966). These results were confirmed by capillary
electrophoresis studies (Kohr and Engelhardt, 1993; Huang
et al., 1996). Deposition of a DOPC bilayer on silica would
generate eight positive and eight negative charges per neg-
ative charge on the silica surface. Thus, the charge density
in the bilayer should screen the silica surface charge density.
Distance is another factor that should minimize the interac-
tion. From Coulomb’s law, the electrostatic potential due to
TABLE 2 Desorption of yeast cyt c from planar lipid bilayers
by salt and dithiothreitol solutions
Desorption treatment
Percentage of initial fluorescence
intensity after applying desorption
treatments to cyt c
films*immobilized on bilayers
composed of:
DOPC
(%)
1:8 DOPE-PDS:
DOPC (%)
Buffer rinse (50 mM citrate
buffer, pH 6.0, 100 mM
KCl)
100 100
Buffer containing 200 mM
KCl, 15-min static
incubation
51  1
(n  2)
91  5(n 7)
Buffer containing 10 mM
DTT, 15-min static
incubation
47
(n  1)
58  5(n5)§
Buffer containing 200 mM
KCl, 10 mM DTT, 15-
min static incubation
nm# 41  2(n2)¶
Buffer containing 10 mM
DTT, 24-h static
incubation
nm 36 2(n3)§
Buffer containing 200 mM
KCl, 10 mM DTT, 24-h
static incubation
nm 32 4(n4)¶
Buffer containing 200 mM
KCl, 24-h static
incubation
25  5
(n  2)
nm
*Protein films were formed by treatment of surfaces with 1:5 Zn cyt
c:ferrocyt c under the same conditions used to form films for orientation
distribution measurements (see text). Epifluorescence emission intensities
measured after application of each desorption treatment were normalized to
the first value measured for each film after the initial rinse in phosphate
buffer.
#Not measured.
§¶Denotes separate series of sequential desorption experiments.
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the glass surface should be substantially negated due to the
bilayer thickness (45 Å) (Wiener and White, 1992). In
summary, the apparently electrostatic interaction that occurs
between DOPC bilayers and yeast cyt c cannot be ascribed
to the negative charge on the substrate. At this time, the
mechanism of this adsorption remains unclear.
Irreversibly immobilized protein
The desorption experiments showed that irreversibly bound
protein molecules comprise about 30% of the near-mono-
layer yeast cyt c film immobilized on a DOPE-PDS:DOPC
bilayer. The molecular interactions that immobilize this
subpopulation of protein molecules are unknown; possible
explanations include: 1) disulfide bonds inaccessible to
DTT; 2) hydrophobic interactions with alkyl lipid chains,
which could result from penetration of the protein into the
bilayer (note that hydrophobic interactions were not ad-
dressed by the desorption experiments); or 3) a combination
of 1 and 2.
In order to examine the influence of the irreversibly
bound protein fraction on the orientation distribution mea-
sured for the entire film (defined as 0.9 monolayer), the
orientation distribution of the irreversibly bound fraction
was measured. We assume that the orientation distribution
of the entire film is composed of submonolayer fractions,
each having a respective orientation distribution. When the
film contains two subpopulations of protein molecules, the
orientation distribution of the entire film, N()total, is given
by
N	total	 AN		
 BN		 (1)
in which the N() and N() are the orientation distribu-
tions of subpopulations  and , respectively. The quantities A
and B represent respectively the fractions of the protein film
that are irreversibly adsorbed (A) and can be desorbed in the
presence of salt and DTT (B), so A  B  1.
Neglecting orientation effects, the fluorescence intensi-
ties measured in the desorption experiments were used to
estimate A  0.3 and B  0.7. To determine the orientation
distribution of fraction , immobilized cyt c films were
prepared under conditions identical to those described
above and were subjected to a 24 h desorption treatment in
a buffer solution containing 200 mM KCl and 10 mM DTT,
which removed the covalently and electrostatically bound
fraction (70%) of the protein film. Measurements of an-
isotropy and linear dichroism on the remainder (30%) of
the film yielded values of 0.097  0.017 (n  3) and
0.965 (n  1), respectively. From these parameters, an
orientation distribution of 33  40° was calculated for
fraction . This distribution is much broader than the dis-
tribution determined for the entire film (40  11°), which
shows that the irreversibly bound subpopulation is relatively
disordered.
To recover the orientation distribution of fraction , the
distribution function for fraction  was substituted into Eq.
1 along with values of A 0.3 and B 0.7. This expression
for N()total was then substituted into the expressions that
relate anisotropy and dichroic ratio to molecular orientation
distribution in an ensemble of circularly polarized oscilla-
tors (Eqs. 4–7 in Edmiston et al., 1997). Using r  0.101
and   1.12, respectively, for the anisotropy and dichroic
ratio of the entire film, an orientation distribution of 39 9°
was recovered for fraction . This distribution is narrower
that the orientation distribution of the entire film, as Fig. 4
illustrates. However, the difference is small as fraction 
accounts for only 30% of the entire film, and the means of
the two subpopulations are not significantly different.
The preceding paragraphs demonstrate that it is possible
to measure orientation distributions of subpopulations in a
hydrated protein monolayer if: 1) a methodology is avail-
able to selectively desorb individual subpopulations from
the entire film and 2) a technique with sufficient sensitivity
to measure absorbance linear dichroism on submonolayer
films is available. Here the sensitivity was provided by the
planar waveguide-attenuated total reflection geometry.
However, it should be emphasized that although our mea-
surements of orientation distributions of film subpopula-
tions is revealing, the results should be considered prelim-
inary as the dichroic ratio of fraction  was measured on
only one sample.
Assessment of the site-directed methodology
In a previous study (Edmiston et al., 1997), adsorption of
horse heart cytochrome c to arachidic acid LB films was
found to produce a highly ordered protein film in which the
orientation distribution of the porphyrin groups was 46 
6°. The narrow orientation distribution was thought to be
the result of a site-directed, electrostatically mediated ad-
sorption mechanism. In the present study, yeast cyt c im-
mobilized on DOPE-PDS:DOPC bilayers produced a com-
FIGURE 4 Gaussian probability distributions for yeast cyt c molecules
bound to pyridyl disulfide capped phospholipid bilayers. (1) entire film;
  40° and   11°. (2) subpopulation composed of covalently bonded
and electrostatically adsorbed molecules consisting of 70% of the film;
  39° and   9°. (3) subpopulation of irreversibly bound protein
molecules consisting of 30% of the film;   33° and   40°.
1004 Biophysical Journal Volume 74 February 1998
parably narrow distribution of 40  11°. This result
correlates with a majority of protein molecules in the film
being immobilized to the PDS moieties via a site-directed,
covalent bond.
In contrast, a similar site-directed, covalent bonding strat-
egy used in a previous study (Wood et al., 1997) produced
a relatively disordered protein film. Wild-type yeast cyt c
was immobilized on thiol-terminated, self-assembled mono-
layers (SAMs), which produced a porphyrin orientation
distribution of 67  39°. Fig. 3 illustrates the difference
between the orientation distributions in yeast cyt c films
deposited on the lipid- and SAM-based architectures. De-
sorption experiments performed on the SAM-based films
(analogous to the desorption experiments described above)
showed that the broad orientation distribution was attribut-
able to extensive nonspecific binding which occurred be-
tween the protein and the SAM surface. Moreover, little cyt
c was found to be immobilized to the thiol-capped SAM
solely via a disulfide bond.
In the present study, a zwitterionic phospholipid bilayer
was used as the primary component of the adsorbent to
eliminate nonspecific interactions that could potentially
compete with site-directed, covalent attachment of the pro-
tein and possibly generate a disordered film. However, the
presence of the irreversibly bound fraction shows that this
strategy was not entirely successful, albeit an improvement
over the thiol-capped SAM employed previously (Wood et
al., 1997).
Other features of the DOPE-PDS:DOPC bilayer that dif-
ferentiate it from the thiol-capped SAM are: 1) a 6.6-Å
spacer arm links the PDS group to DOPE (Fig. 2), which
therefore should cause the reactive group to project above
the surface of the surrounding DOPC matrix. Since Cys-102
is not directly on the surface of yeast cyt c (Louie et al.,
1988), the presence of the spacer arm may facilitate forma-
tion of a covalent bond between this residue and PDS. In
contrast, a spacer arm was not present in the SAM archi-
tecture. 2) As the lipid molecules in a liquid-crystalline lipid
bilayer are likely to be less tightly packed than the alkyl
chains of a silane-based SAM, the bilayer presents a softer
adsorbent surface to a protein adsorbate. Consequently, cyt
c molecules adsorbed to the DOPC:DOPE-PDS bilayer may
partially penetrate into the bilayer, as reported by for horse
heart cyt c adsorbed to phosphatidylglycerol bilayers
(Heimburg and Marsh, 1995). Partial penetration, possibly
accompanied by structural changes (Heimburg and Marsh,
1993; Muga et al., 1991), could be a mechanism contribut-
ing to the formation of the irreversibly bound fraction of the
protein film. On the other hand, cyt c molecules that did
penetrate into the bilayer and interact noncovalently with
lipid headgroups and acyl chains probably would not readily
desorb when soaked in a combination of salt and DTT.
Thus, the 70% of the protein molecules that were de-
sorbed under these conditions were probably not inserted
into the bilayer. 3) Lateral diffusion of lipids, and probably
of cyt c molecules linked to DOPE-PDS, occurs in the
bilayer-based architecture. Lateral diffusion may have fa-
cilitated lateral packing interactions between immobilized
cyt c molecules, leading to a more ordered protein film, as
has been observed for streptavidin bound to a biotin-capped
lipid film (Darst et al., 1991). In contrast, lateral diffusion of
the alkyl chains in a silane-based SAM is restricted by
intermolecular cross-linking between silanols, although the
protein molecules may undergo relatively slow diffusion
when adsorbed to the SAM surface (Tilton et al., 1990).
CONCLUSIONS
Yeast cyt c was immobilized via a site-directed, disulfide
bonding strategy on phospholipid bilayers bearing pyridine
disulfide groups. Orientation distribution measurements
showed that the porphyrin groups in the protein layer ex-
hibited a relatively high degree of macroscopic orientation,
and provide direct evidence that this immobilization strat-
egy can produce an ordered protein film.
Desorption experiments were used to assess the types of
the binding interactions that occurred between cyt c and the
lipid bilayers. The results showed that a large fraction of the
immobilized protein molecules in the film were disulfide
bonded to the bilayer. However, a fraction of the protein
film was irreversibly immobilized, presumably via nonspe-
cific interactions, and exhibited a broad orientation distri-
bution. Thus, the use of site-directed immobilization to a LB
film architecture to produce an ordered protein array was
not entirely successful but certainly more so than a previous
study in which yeast cyt c was deposited on a SAM archi-
tecture (Wood et al., 1997). Finally, it must be noted that
despite the encouraging results of this study, an inherent
lack of stability and the difficulty of fabrication are major
limitations of LB film architectures for biomolecular device
fabrication.
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